Abstract-We numerically demonstrate that the transmission through a deep subwavelength (λ 0 /20) aperture in a metal plate could be greatly enhanced owing to the resonance effects of a high permittivity (κ) dielectric cube tightly coupled to the aperture. The transmission enhancement originates from the confinement and reradiation of the electromagnetic energy impinging onto the high κ cube which operates in the 1st Mie resonance mode, and behaves as an ultra-small magnetic dipole antenna. The complex permittivity of the cube governs the operating frequency and the enhancement in terms of bandwidth and transmissivity maximum. Additionally, based on the isotropic response of the high κ cube with dimensions comparable to the aperture size, the almost independence of the enhancement properties on the illumination polarization and incidence angle was assessed.
INTRODUCTION
Enhanced transmission of Electro-Magnetic (EM) wave through a single subwavelength aperture (SSA) has been investigated for decades because of both the physics emerging from the simple system and broad application prospects. Considering the quite different conductivity properties of metal (which is generally used to construct the SSA system) at low frequency (e.g., microwave) and in optics, the corresponding enhanced transmission originates from distinct mechanisms [1] . Bethe studied the transmission in detail through a SSA in a perfect conductor plate with infinitely thin thickness [2] . These assumptions are sufficient to describe the transmission behavior of EM waves at microwave and radio frequency through a SSA generally in a very thin copper plate. However, both theory [3] [4] [5] [6] [7] [8] [9] and experiment [10] [11] [12] [13] have verified that Bethe theory is no longer valid in optics and thus at frequencies much higher than the collision one of the metal plate [1] . For instance, developing an analytical model that proves that SSAs behave as magnetic dipoles, Ref. [8] provides a thorough study of light diffraction through a SSA on a real metal and compares the directivity with Bethe and Jackson' theories. The deviation between theories applied at microwave and in optics arises from the transversal and longitudinal surface plasma resonance (SPR) around and within SSAs [1] . For instance, recent investigations of SPR in metallic structures showed enhanced transmission in the visible frequency range through nano-scale SSA fabricated in an Ag film patterned with periodic corrugations on the surface [13] . Implementing a similar concept at microwave frequencies is difficult because SPRs cannot be excited on the surface of common metals which can be considered as perfect conductors in this frequency range [14] . By placing split ring resonator (SRR) at the near field of a SSA in a copper plate, Aydin et al. experimentally demonstrated impressive enhanced transmission around 3.7 GHz, in which no SPR effects was involved [15] . The basic idea in these transmission enhancement studies can be understood as the combination of two effects, i.e., subwavelength localization and re-radiation of the EM energy. The difference is that SPR based enhancement concentrates and re-radiates optical energy by means of excitation and manipulation of surface plasmon polaritons on the structured metal surface [13] while SRR-based devices take advantage of metamaterial unit cell resonance [15, 16] .
Recently different groups have verified theoretically and experimentally that ferroelectrics cube arrays which can be considered as High Permittivitty Particle (HPP) behave electromagnetically as negative permeability metamaterials (NPMs) around their 1st Mie resonance frequency (ω 0 ) [17] [18] [19] [20] [21] [22] . One can find a summary of work in a recent review paper [23] . At the 1st Mie resonance mode, as shown in Fig. 1 from the mapping of the displacement currents which exhibit current loop patterns, a single HPP can be regarded as a subwavelength (λ 0 /20 here) magnetic dipole oscillating at the resonant frequency [24] . Furthermore, owing to the extreme permittivity value (ε = 300 × (1 + i10 −3 )) of the ferroelectric cube used here, the magnetic and electric fields are highly concentrated within and in the vicinity of the cube. In other words, a single HPP stores the EM field which is subsequently re-radiated, at its resonance frequency and on a very small scale comparable with SSA dimension. This is the underlying idea of the present study which thus combines an ultra small loop-type antenna [25] via magnetic resonance effects and a subcutoff aperture for achieving enhanced transmission in a SSA system. Predictably, the transmission modifications are expected independent on polarization and incidence angle of the illumination thanks to the isotropic response of the high symmetry HPPs which will be considered in the present work [20, 22] . These properties are thus quite different from that originating from SRR's whose electromagnetic properties are highly anisotropic [15] . This paper is organized as follows: In Section 2, we present a numerical analysis (based on HFSS, a finite-element simulation code commercialized by Ansoft) of the enhanced transmission through a SSA in a copper plate under normal incidence by introducing a single HPP in close proximity. Special attention was paid to the effects of the real and imaginary parts of HPP permittivity and coupling distance on the overall transmission performance. Quasi-independent transmission enhancements on incidence angle of both TE and TM modes are reported in Section 3. Concluding remarks and prospects are reported in Section 4. Figure 2 shows the schematic of the transmission problem of concern, for which the transmission through a copper plate (with side length L and thickness t = 30 µm) with a circular aperture (with a radius R) is examined with and without the integration of a single HPP, respectively. Parallel to the copper plate, two ports whose dimensions were chosen according to the operating wavelength are used for excitation and detection. As shown in the insets of Fig. 2 with dimensions of computational domain labeled in millimeter (mm), by setting PEC (Perfect Electric Conductor) boundaries and "Radiation Boundaries (RB)" (for elimination of reflection) between excitation port (Port 1) and plate, we obtain a quasi-plane wave illumination with electric and magnetic fields oscillating along the x and y axis, respectively [22] . Other boundaries of the simulation model are set as RB to eliminate the multi-reflection. Furthermore, in order to investigate the sensitivity of the transmission enhancement to polarization and incidence angle, two fundamental operating TM and TE modes and, the corresponding incidence angle, φ and θ, were defined as those shown in Fig. 2 , respectively.
ENHANCED TRANSMISSION UNDER NORMAL INCIDENCE
It is known that the 1st Mie resonance of HPP is closely dependent on their bulk material parameter [16] , i.e., permittivity ε = ε 1 (1 + i tan δ). Consequently, in our case, dielectric properties of the particle would then determine the modification of transmission through a SSA.
On the other hand, the distance from the center of HPP to the copper plate surface, which is defined as coupling distance d here (not labeled in Fig. 2 for clarity), would dominate the enhanced transmission as well. In order to clarify the dependence of the enhancement behavior on ε and d, transmissions through a SSA in the cases of placing a HPP with different ε 1 , tan δ and d are simulated under normal incidence and discussed in Subsection 2.1 and 2.2, respectively. [20] is used to simulate plane-wave illuminating periodic array (one single layer in the direction of propagation) composed of HPPs. In addition, cubic lattice constant as large as 10a (where a is the cubic sidelength) has been assumed to eliminate coupling effect between different HPPs and approximate the behavior of a single particle. This is opposite to the attempt to manipulate EM wave through coupling effect between split ring resonators (SRRs) [26] . As seen in the insets of Fig. 3(a) , the transmission spectra of bare HPPs (a = 1.0 mm) exhibit a notch-like filtering characteristic at the 1st Mie resonance and we take the frequency of the dip as ω 0 of a single HPP. The resonance frequency shifts from the Ku band (12) (13) (14) (15) (16) (17) (18) to the X band (8-12 GHz) by increasing ε 1 from 200 to 800. Table 1 lists the parameters which have been used in the SSA transmission simulations. λ 0,ω 0 /20 (λ 0,ω 0 is the operating wavelength) was chosen Table 1 . Material parameters and dimensions used in the simulations. as a criterion of radius (R) of aperture and L is length of the copper plate. Notice that to validate the comparison of enhanced transmission of different cubes, we keep the ratio between the dimension of copper plate (i.e., L) and λ 0,ω 0 as ∼ 3. Dashed lines in Fig. 3(a) show the transmission spectra through SSA without HPP with a very weak transmission predicted by diffraction theory [2] . Solid lines indicate the corresponding transmission after placing a single HPP according to the schematics displayed in Fig. 2 . Sharp transmission peak can be noticed around the 1st Mie magnetic resonance mode ω 0 of various cubes, demonstrating a dramatic transmission enhancement through the SSA. Moreover, in order to compare the transmission enhancements as a function of the permittivity ε 1 listed in table, we plotted in Figs. 3(b) , (c), (d) and (e) the ratio of the transmission with and without HPP, as a function of the normalized frequency ω/ω 0 . We observed 32, 40, 27 and 24-fold maximum transmission enhancement in the presence of a single HPP with ε 1 of 200, 400, 600 and 800, respectively. As discussed above, the transmission enhancement proposed here is primarily due to the HPP's EM energy concentration at ω 0 . This energy concentration can be understood as follows, EM wave within the volume of (λ 0,ω 0 ) 3 is compressed into the space determined by the physical particle dimension (i.e., a here). In a first approximation, the resonance condition corresponding to ground eigenstate reads k 1 a = π, where k 1 = 2π/λ 1 is the wave vector in the material of particle. Taking only the magnetic polarization into account, which dominates the electromagnetic response at ω 0 , the electric field of the magnetic dipole in the near field region (kr λ) could be written as E = −ik(n×m)r −2 , where n and m are unit vector along the direction from the center of magnetic dipole to detecting point and magnetic dipole moment [24] . If the spatial density of incident energy is constant, as it was assumed in the simulations, whatever the frequency band of interest, then the magnetic moment m of a particle (with certain dimension) increases with ε 1 owing to a stronger energy compression at lower operating frequency, while k = 2π/(λ 0,ω 0 ) varies reversely. This could qualitatively interpret the fall-after-rising behavior of the maximum enhancement with the increasing ε 1 , shown in Figs. 3(b) -(e).
Dependence of Transmission
The dielectric constant abovementioned can be achieved technologically by taking advantage of the developed ferroelectrics techniques. As an example in the following numerical studies, we take SrTiO 3 (STO) which has been widely accepted and applied as low loss microwave ferroelectrics. In other words, we use single crystal STO HHP with permittivity of 300 × (1 + i10 −3 ) [27, 28] and the corresponding R = 1.0 mm and L = 60 mm in the following simulations.
Effect of Dielectric Loss tan and Coupling Distance d
Besides ε 1 , dielectric loss described by tanδ is the other key factor for Mie resonance. Therefore, it can be seen from the inset of Fig. 4(a) that the notch depth at the 1st Mie resonance of STO particles degrades rapidly with increasing tan δ. This degradation, which is caused by the damping effect of the rotating displacement current (see Fig. 1(b) ) implies weaker field concentration in/around the particle and inevitably plays an important role in the enhanced transmission , respectively and by taking a constant value of ε 1 = 300 so that the transmission maximum is at the same frequency ω 0 . Nevertheless, we can see that more than a 10-fold enhancement is expected to be achieved even when tan δ is assumed 1%, which reveals a reasonable tolerance to dielectric loss of particle in this enhanced transmission phenomenon. On the other hand, for the SSA system with certain HPP, the coupling distance d (from HPP center to copper plate surface) would dominate the enhancement behavior. Using STO cube with a = 1.0 mm and tan δ = 10 −3 , Figs. 4(c) and (d) illustrate the decreasing maximum enhanced transmission with increasing d from 0.8 to 1.4 mm. It should be noted that the shape of the HPP particle distinctly controls its resonance and EM wave confinement, which would consequently plays a significant role in the enhanced transmission of the SSA system.
Field Distribution Illustration
To have further insight into the transmission modification by means of the HPP, time-snapshots of the electric field (E x ) recorded at 14.61 GHz are shown in Fig. 5 , in which the left-and right-hand side figures correspond to a SSA without and with a STO cube, illuminated by a quasi-plane wave with the electric field perpendicular to the x = 0 plane (see Fig. 2 ). Figs. 5(a) and (c) illustrate the very weak intensity of the diffracted field through the SSA which hence results in a very low transmission level. In a first approximation the transmission level reduces roughly in the ratio (R/λ 0 ) 4 , i.e., (1/20) 4 here theoretically [2] . In the presence of a STO cube, as shown in Figs. 5(b) and (d), the electric field magnitude behind the aperture increases dramatically with respect to the configuration without a cube. This accordingly Figure 5 . Time-snapshots of the electric field distribution Re(E x ) of a SSA setup in the y = 0 and x = 0 planes (see Fig. 2 ) are shown in (a) and (c), respectively. The corresponding electric field distribution Re(E x ) with a STO cube in the y = 0 and x = 0 planes (see Fig. 2 ) are shown in (b) and (d).
contributes to a high enhancement of transmission. On the other hand, the comparison between the field distributions reported in Figs. 5(b) and (d) in the vicinity of the aperture in the y = 0 and x = 0 planes (see Fig. 2 ), respectively, reveals an angular pattern which is dependent on the polarization of the incident radiation. This field distribution (behind the aperture) with circular symmetry in y = 0 plane and cos 2 θ variation in x = 0 plane coincides with that of a HPP's scattering at the 1st Mie resonance (as Fig. 1 shows) , i.e., a half of the typical magnetic dipole emission pattern [24] , which clearly illustrates the antenna-like performance of the HPP in the transmission enhancement through a SSA.
QUASI-INDEPENDENT ENHANCEMENT PROPERTIES TO INCIDENCE ANGLE UNDER TE AND TM MODES
As discussed above, transmission enhancement through a SSA is based upon the electromagnetic energy compression and re-radiation of the HPP at the 1st Mie resonance mode. On the other hand, very small dimensions comparable to aperture dimension, both being much shorter than the resonance wavelength (λ 0,ω 0 ), along with high geometrical symmetry are expected to be suitable for insensitivity to polarization and incidence angles in contrast to artificial metallic structures which are highly anisotropic. The fact that EM resonances of arrayed high permittivity particle are isotropic has been verified theoretically and experimentally [16] [17] [18] [19] [20] [21] . Consequently, one could intuitively anticipate that the enhanced transmission investigated here would be highly independent on the illumination polarization and incidence angle. To verify this assumption, we examine in the following the transmission through a SSA by varying incidence angle under TM and TE modes, respectively.
Transmission Enhancement Under TM Mode
As indicated as the blue coordinate in Fig. 2 , we define TM mode here as a tilted illumination with fixed magnetic field and incidence angle φ. Fig. 6 shows the figures of enhancement by means of a STO cube under various incidence angle φ, while the insets illustrate the corresponding transmission spectra. Together with distinct transmission peaks at the 1st Mie resonance frequency (ω 0 = 14.61 GHz) of the STO cube, a comparison of the various green curves in Fig. 6 reveals that the enhancement property could be preserved even with large incidence angle, though the absolute maximum of transmission decreases gradually with increasing φ. Furthermore, the even larger enhancement (around 55-fold) in the case of φ = 70 • distinctly indicates the almost independent transmission enhancement property under TM mode. Figure 7 illustrates the time-snapshots of the electric field distribution Re(E x ) (at 14.61 GHz) of a SSA under TM mode in the plane of incidence (y = 0 plane, see Fig. 2 ) without and with a STO cube, for an incidence angle φ = 45 • . Compared with (a) and (b) in Fig. 5 , Fig. 7 clearly shows the enhanced field behind the aperture when placing a STO cube in front of it. The electric field distribution displays a typical magnetic dipole antenna radiation pattern.
Transmission Enhancement Under TE Mode
We define TE mode here as a tilted illumination (incidence angle θ) with fixed electric field, as shown in Fig. 2 as the red coordinate. Similar to Fig. 6, Fig. 8 , with corresponding transmissions shown in the insets, indicates the enhancement in the presence of a STO cube under various incidence angle θ. Peaks, with close maximum value around 40-fold at the 1st Mie resonance frequency (ω 0 = 14.61 GHz) in the cases of different θ, show the quasi-independence of the enhancement property for TE mode. Comparison with Fig. 6 shows that for the same incidence angle (θ under TE mode and φ under TM mode) the maximum enhancements under the two modes are quite similar. (a) (b) Figure 9 . Time-snapshots of the electric field distribution Re(E x ) (at 14.61 GHz) of a SSA setup under TE mode in the plane of incidence (the x = 0 plane, see Fig. 2 ), (a)without and (b) with a STO cube for an incidence angle θ = 45 • .
Analogous to Fig. 7 , with an incidence angle θ = 45 • , timesnapshots in the plane of incidence (x = 0 plane, see Fig. 2 ) of the electric field (Re(E x )) at 14.61 GHz under TE mode are shown in Fig. 9 . They demonstrate a strong radiation through a SSA arising from the STO cube resonance. In addition, the cos 2 θ dependent distribution pattern, which is comparable to that in Fig. 5(d) , clearly reflects that radiation behind the aperture also follows that of the magnetic dipole antenna in the case of tilted illumination under TE mode.
CONCLUSION AND PROSPECTS
In summary, we numerically demonstrate that transmission through a single subwavelength aperture (SSA) system could be greatly enhanced by introducing a single high permittivity particle (HPP) operating at the 1st Mie resonance. This transmission enhancement originates from the electromagnetic energy compression and reradiation of HPP at the Mie resonance frequency for which the HPP can be regarded as a magnetic dipole antenna. A parametric study shows that real part of permittivity of a ferroelectric SrTiO 3 cube used here as a HPP determines the central frequency of the enhanced transmission, while dielectric loss governs the maximum. Moreover, thanks to much smaller dimensions compared with operation wavelength and geometrical symmetry of the cube, we numerically show that enhanced transmission would be quasi-independent to both illumination polarization and incidence angle, which is distinct from the enhanced transmission afforded by split ring resonators [15] . Nevertheless, we also note that the capacity of enhancement we report in this paper is comparable to that of magnetically resonating SRR (the D case in Ref. [15] ), and below those of electrically resonating ones (the A and B cases in Ref. [15] ), which intrinsically originates from the lower radiation efficiency of magnetic dipole [24] . The transmission enhancement through a SSA system, demonstrated here numerically, is predictably tunable, due to the dielectric constant sensitivity of ferroelectrics notably on temperature, electric field and so on [29] [30] [31] and to corresponding controllable Mie resonance of HPP [32] . It should be also noted that, strong Mie resonance has also been verified experimentally at THz [21] and midinfrared frequencies [18] in STO and SiC particles, respectively. And in consequence, the functioning frequency of transmission enhancement proposed here could be utilized in a broad frequency range.
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